Abstract
INTRODUCTION
Technical advances in recent decades have made aortic surgery safer and made surgical treatment of the aorta more accessible to patients, even with an increased risk profile and advanced age [1] . Nevertheless, aortic surgery-requiring prolonged cardiopulmonary bypass times and the possible need for hypothermia and circulatory arrest-still carries a substantial risk for older patients who have suffered biological deterioration of the cardiovascular, neurocognitive and renal systems via aging [2, 3] . Among elderly patients, mortality for thoracic aortic surgery ranges between 6 and 21% [2] [3] [4] [5] [6] [7] , depending on the definition of the term 'elderly' and the extent of surgery. Age has been shown to be an independent predictor of mortality both in cardiac surgery in general and in aortic surgery in particular [1, 3, 8] . But, as we explore aortic surgery in advanced age, are we pushing the limits too far or futilely?
The demographic structure of the Western countries has and will further change. According to the US Census Bureau, the proportion of octogenarians among the total population in the USA will increase from 3.7% (11.7million) in 2012 to 3.9% (13.2 million) for the 2020s and 7.7% (30.9 million) for the 2050s [9] . However, complex aortic surgery in the elderly and specifically whether there should be a cut-off age for aortic surgery remains debatable.
The aim of the present study was to evaluate the operative results of elective thoracic aortic aneurysm surgery in the elderly in the 21st century. We classified patients into two age frames (75-79 years, and > _80 years), and compared to their younger counterparts.
MATERIAL AND METHODS

Study design
This study was designed as retrospective analysis of our institutional aortic database and was approved by the Human Investigation Committee of Yale University. All consecutive patients undergoing surgical repair between 2000 and 2015 were screened according to the inclusion and exclusion criteria.
The inclusion criteria included elective or urgent open aortic surgery due to aneurysm disease of the root, ascending or the arch portions of the aorta at any age. Exclusion criteria included: aortic dissection, free aortic rupture, intramural haematoma, penetrating aortic ulcer and thoracic aneurysm limited to the descending and the thoraco-abdominal segment of the aorta.
The total population was divided into three groups:
• Patients who underwent aortic surgery for thoracic aneurysm at age of lower than 75 ("control group", G Ctrl ), • Patients who underwent aortic surgery at advanced age, divided into
• Age 75-79 years (G 75 ), and • Age 80 years and older (G 80 ).
We compared these groups according to demographic characteristics and co-morbidities, surgical data, and operative results and early outcome. Also, the predictors of mortality were evaluated statistically and mid-term survival was compared within the groups (G Ctrl , G 75 and G 80 ). Survival after discharge was determined by a multimodal follow-up assessment, as described recently by our group [10] . Either the date of death or the last confirmed clinical contact with the patient was counted as latest follow-up date. 
Statistical analyses
RESULTS
Population and demographic characteristics
In total, 907 patients who underwent surgery between 2000 and 2015 due to aortic root, ascending aorta or aortic arch aneurysm are included in our institutional database (detailed age distribution is presented in Fig. 1 ). Among those, 727 were younger than 75 years (G Ctrl ; mean age 56.6 ± 11.7 years), 108 were aged between 75 and 79 years (G 75 ; 76.9 ± 1.5 years), and 72 were at age 80 and older (G 80 ; 82.2 ± 2.1). Gender and biometric data differed significantly between the groups, with an increase of female patients at higher ages and a decrease in body mass (each P < 0.001). The prevalence of congenitally bicuspid aortic valves decreases significantly with increasing age (P < 0.001). No Marfan's syndrome patient was found in the elderly groups (P = 0.140).
With regards to the co-morbidities, the incidence of atrial fibrillation (P < 0.001), coronary artery disease (P < 0.001), chronic renal failure (P < 0.001), dyslipidaemia (P = 0.004), arterial hypertension (P = 0.002), and pulmonary hypertension (P < 0.001) were just significantly increased at advanced age. Detailed data and inter-group comparison are presented at Table 1 .
Operative data
Patients younger than 75 years more frequently received a root replacement compared to older patients (P < 0.001), while the root was spared in the majority of the advanced age groups. Distally, an extension into the arch-performing an open distal anastomosis/hemiarch replacement (P < 0.001) or a total arch replacement (P = 0.011) (both under straight deep hypothermic circulatory arrest)-was more often necessary in the elderly. Also, the need for concomitant coronary artery bypass grafting increased at higher ages (P < 0.001).
The cardiopulmonary bypass time was extended by 6.4 minutes on average in G 75 and 11.8 min on average in G 80 (P = 0.004), while the mean x-clamp time was comparable among all groups (P = 0.844). Hypothermic circulatory arrest time was also statistically prolonged (P = 0.005), but without clinical relevance. Femoral cannulation was the prevailing method within all groups; however, the frequency of direct aortic (P = 0.004) or axillary cannulation (P < 0.001) was higher with increasing age (as we avoid femoral cannulation when the thoraco-abdominal aorta is 'dirty' with arteriosclerosis). More details are shown in Table 2 . 
Postoperative outcome and early mortality
The postoperative results and their analysis are presented in detail in Table 3 .
The elderly patients showed multiple statistically significant deficiencies in postoperative outcome-a higher incidence of ventilation over 48 h (P < 0.001), low cardiac output syndrome (P = 0.001), myocardial infarction (P = 0.045), ventricular tachycardia (P = 0.013), sepsis (P = 0.049), multi organ failure (P = 0.022), haemodialysis (P < 0.001) and infection requiring antibiotic therapy (P = 0.017). Proportional differences (compared to the younger control group) were much higher pronounced in octogenarians rather than in patients aged between 75 and 79. Postoperative ICU stay was prolonged on average by 1.5 days in G 75 and by 1.7 in G 80 (P < 0.001). Respectively, hospital stay was also extended by 1.3 and 2.6 days (P < 0.001) on average.
Operative mortality was significantly increased at higher ages (P < 0.001).
Risk factor analysis
An univariate analysis isolated age (P = 0.001), bicuspid morphology (P = 0.022), bovine arch (P = 0.049), left ventricular ejection fraction (P = 0.039), coronary artery disease (P < 0.001), peripheral artery occlusive disease (P = 0.018), cardiopulmonary bypass time (P < 0.001), circulatory arrest time (P = 0.002), and concomitant coronary artery bypass grafting (P = 0.014) as significant predictors of operative mortality. Among these variables, none was found to be an independent risk factor in regression analysis.
Survival of the surgical groups
Mean follow-up was 74.9 ± 44.5 months for G Ctrl , 49.0 ± 41.2 months for G 75 and 44.3 ± 41.2 months for G 80 , respectively. The survival differed significantly between the groups (Fig. 2) and decreased with increasing age (P < 0.001). 1-, 3-and 5-year survival is presented in Table 3 .
DISCUSSION
The biology of patients in their last decades changes by the effects of aging. Alterations in the pulmonary system affecting all components of breathing (respiratory mechanic properties, gas exchange and the pulmonary vasculature) [11] , changes in the cardiovascular system (e.g. left ventricular hypertrophy, impaired left ventricular contractility and relaxation) [12] , deterioration of renal function (e.g. glomerulosclerosis, tubular atrophy and fibrosis) [13] , hormonal imbalance between catabolic and anabolic hormones towards the catabolic side, and neurocognitive dysfunction and neurovascular changes are commonly observed with increasing age [14, 15] . Thus, not unexpectedly, the biometric data and incidence of preoperative co-morbidities differ between the age-related groups. The elderly groups showed preserved left ventricular function and no significant difference in the frequency of chronic obstructive pulmonary disease, diabetes, history of stroke, and previous cardiac surgery compared to their younger counterparts, which might haul out these variables as subjective denial criteria for older patients in our institute.
The aging changes in biology are also reflected in the postoperative morbidities. Patients at higher ages suffered from multiple complications affecting the pulmonary, cardiovascular, renal, immunologic and multiple organ systems. However, the proportional differences were markedly less pronounced in patients aged 75-79 years rather than 80 and above. These data conform to studies in the literature [6, 7, 8, 16] . Bleeding complications ranged between 3-15% in these studies and were found in 5.6-10.0% in the present study, likely reflecting increased tissue fragility at higher ages. Interestingly, stroke rate in the present study, usually reported with significantly higher incidence in elderly (between 2-9% [3, 4, [6] [7] [8] ), was low in the group aged > _ 80 years (2.9%) and did not differ to their younger counterparts (1.1%), despite the fact that 81.9% of the elderly underwent deep hypothermic circulatory arrest of 30.4 min on average. However, a positive selection of healthier elderly patients in that age group might have influenced these results.
Operative mortality, as the classical surgical surrogate of successful treatment, increased significantly at higher ages. While patients aged between 75 and 79 again showed much lesser increase of operative mortality, ages of 80 and above suffered from surgery-associated deaths of up to 11.1%. Generally, mortality (in-hospital, 30-day or operative) ranges in the literature between 6 and 16% for general cardiac and aortic surgery and age was frequently described as independent predictor. Safi and colleagues identified an age of 72 as cut-off for increased mortality, while the present study showed good results in that specific age group. The present study did not identify age as independent predictor of postoperative mortality-representing outcome at higher ages as multifactorial process-, and thus, according to our data, we would specify the border of increased risk at a higher age, around 80 years.
However, even if the operative risk for morbidity and mortality increases at the age of 80, surgical intervention in threatening aneurysms with larger diameter may potentially eradicate the higher risk from aortic rupture and dissection and thus, restore patient outlook to baseline. This hypothesis is supported by the literature reporting similar or better survival of surgically intervened patients compared to medically treated patients, and freedom from aortic events due to intervention [17, 18] .
However, for the elderly, restoring survival is not sufficient without maintenance of quality of life [16, 19] . Also, as frailty measures have emerged, surgeons have quantified that chronological and biological age as not identical [20, 21] . Such factors enter into surgical decision for thoracic aortic disease as well as general conditions for surgery.
LIMITATIONS
This is a retrospective study with the inherent limitations for such analysis. Patients undergoing aortic surgery at higher age usually underlie a positive selection bias, as described above. Beside the denial by the patients themselves, the rejection by the surgeon due to more complex co-morbidities was one of the common causes of the decision toward medical treatment and thus, might influence the survival of the particular subgroup.
CONCLUSIONS
Patients undergoing aortic surgery at advanced age are subject to higher operative risk, particularly at the age of 80 and above. However, in the present study, age per se is no suitable indicator of operative outcome and thus, a strict age cut-off cannot be deduced thereof. Surgery in well-selected octogenarians with 'urgent' and threatening aortic sizes potentially restores survival and patients may benefit from intervention, even above age 80. 
